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Abstract
Archaeological silver artifacts are often found to be brittle because of long-term corrosion. However, the restoration of brittle archaeological silver artifacts by thermal treatment has never been quantitatively and systematically studied due to the lack of sufficient experimental samples. Herein, the simulated Ag–Cu alloy flake samples with intergranular corrosion consistent with those brittle archaeological silver artifacts were prepared through two-step annealing and accelerated aging in Fe(NO3)3 + AgNO3 solution. The changes in the microstructure and mechanical strength (σbb, Eb, and HV) of the brittle samples after thermal treatments were studied with the help of SEM–EDS, metallographic observation, three-point bending tests, and microhardness tests. In addition, the most suitable conditions for the restoration of the brittle samples were summarized by the temperature–time (T-t) map obtained from a series of comprehensive thermal treatments. Moreover, the differences in microstructures and mechanical strength between the brittle samples annealed in an aerobic/anaerobic environment were revealed. This work provides an important reference for the restoration and conservation of brittle archaeological silver artifacts.
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Introduction
Silver, because of its excellent ductility, malleability and aesthetic appearance, has been widely used in the production of ancient artifacts [1]. However, due to long-term corrosion [2], some archaeological silver artifacts or, strictly speaking, silver-copper alloys are found to be brittle [2–7]. Some researchers have studied the embrittlement mechanism of archaeological silver artifacts from different angles [1, 8–10], and the general opinion is that embrittlement is mainly caused by intergranular corrosion (local galvanic attack) between the Ag-enriched matrix (α phase) and the Cu-enriched grain boundary (β phase) [10, 11]. Other researchers have mainly studied the corrosion inhibition [12–18] and seal protection [19–21] of silver artifacts, focusing on materials (e.g., perfluoroalkyl amideethanethiol, fluoroalkylthiol, alkylthiol, etc.) and their mechanisms. It is worth noting that very few researchers have mentioned the restoration method of brittle archaeological silver artifacts through thermal treatment [1, 11].
Thermal treatment is indeed a common and effective method for the restoration of brittle archaeological silver artifacts at present, regardless of the conservation concept controversy that it might bring about. In the case of the conservation and restoration of brittle silver artifacts that we have been involved in, such as the restoration project of brittle silver artifacts excavated from the Tusi Cemetery of the Yang Family at Xinpu Town, Guizhou Province [22, 23], and the restoration project of brittle silver artifacts collected by Jinhua Museum, Zhejiang Province [24], the restorers usually used a high-temperature torch to directly anneal the surface of the silver fragments to reduce embrittlement and restore their mechanical strength and bending resistance. Although this approach has been found to be effective in terms of restoration results, our preliminary research has shown that such a thermal treatment method (by high-temperature torch) may lead to some subsequent potential problems (Additional file 1: Fig. S1). In addition, this method is overly dependent on the restorer’s personal skills and experience, and its restoration performance is not very stable. In the long run, allowing actual restoration to be far ahead of scientific research may lead to more serious problems. Therefore, we need to conduct systematic and quantitative research on the mechanisms and effects of thermal treatment to understand its advantages and disadvantages and then optimize the method on this basis to make it safer, more practical and easier to promote. Unfortunately, due to the lack of sufficient experimental materials for quantitative study, no systematic research has been carried out thus far.
In our former work [10], a simulated silver-copper alloy sample with a microstructure similar to that of archaeological silver artifacts was prepared through two-step annealing. Benefitting from this, standardized silver-copper alloy flake samples with an uncorroded β phase can be obtained for our study. Subsequently, brittle flake samples with intergranular corrosion were prepared through accelerated aging, which allowed us to have sufficient experimental materials for quantitative study. A three-point bending test [25–30] and microhardness test [31–36], which are considered simple, fast and accurate testing methods for the performance of sheet metal, were carried out to study the changes in the microstructures and mechanical strength of the samples after thermal treatments at different temperatures. Moreover, we designed a series of comprehensive thermal treatments with different temperatures and durations to study the optimal thermal treatment conditions for the restoration of brittle silver artifacts and studied the effect of thermal treatment on the microstructures and mechanical strength of brittle samples under both aerobic and anaerobic conditions.
Experimental
Chemicals and materials
Silver (99.99%) was purchased from Hunan Dongguyunshang Co., Ltd, China. Copper (99.99%) was purchased from Beijing Feifanshangshi Culture and Arts Co., Ltd, China. Potassium nitrate (KNO3), iron (III) sulfate (Fe2(SO4)3), ammonium ferric sulfate dodecahydrate (NH4Fe(SO4)2·12H2O), iron (II) sulfate heptahydrate (FeSO4·7H2O), silver nitrate (AgNO3) and iron (III) nitrate nonahydrate (Fe(NO3)3·9H2O) were analytical reagents and purchased from Shanghai Meryer Chemical Technology Co., Ltd, China. Epoxy resin was purchased from Guangzhou Shunyicheng Technology Co., Ltd, China. Water-based polishing paste (W = 0.5) was purchased from Shanghai Naibo Testing Technology Co., Ltd, China. Deionized (DI) water with a specific resistance of 18.25 MΩ·cm was used in all our experiments.
Simulated Ag–Cu alloy flake sample preparation
A simulated Ag–Cu alloy sample was prepared by annealing silver-copper (94–6%, wt.%) at 1260 °C in a REX-C100 Electric Heating Crucible Furnace for 5 min and then naturally cooled to room temperature. The alloy was then pressed to a thickness of 0.5 mm by a metal sheet pressing machine and cut into 80 mm × 8 mm × 0.5 mm rectangular alloy flakes. The alloy flake samples further underwent two-step thermal treatments in vacuum quartz tubes using an SX-G04133 muffle furnace, which is shown in Fig. 1 (860 °C for 15 min and then 200 °C for 2 h).[image: ]
Fig. 1Experimental method: preparation of the simulated Ag–Cu alloy flake samples, accelerated aging of the simulated samples, and mechanical tests (three-point bending test and microhardness test) of the corroded samples


Characterization methods
SEM images were taken by a QUANTA FE450 Field Emission-Scanning Electron Microscope (20.00 kV, 5.97e-3 Pa). SEM–EDS analysis was carried out by a Hitachi TM3030 scanning electron microscope and BRUKER energy dispersive X-ray spectroscopy (15.00 kV, low vacuum, 90 ~ 120 s). Metallographic images were taken by a Shangguang 13XF-PC Metallographic Microscope. The elemental compositions were measured on solutions using inductively coupled plasma-atomic emission spectrometry (ICP-AES) produced by Leeman Labs (RF power of 1.1 kW, argon gas flow rate of 20 L/min, and nebuliser gas at 20 MPa). Three-point bending tests (Fig. 1) were carried out by a QuaLitesT QT-01 Universal Testing Machine (Psensor = 50 N, l = 36 mm, b = 8 mm, h = 0.5 mm). Microhardness tests (Fig. 1) were carried out by a Shangguang MVK-H21 Digital Microhardness Tester.
Simulated Ag–Cu alloy flake samples accelerated aging test
The 1st stage. ① A solution of 1 mol/L KNO3 was prepared. The flake sample was then immersed in 1000 mL of the above solution. Air was continuously blown into the solution, and the above reaction system was left for 30 days. ② A solution of 0.25 mol/L Fe2(SO4)3 was prepared, and the flake sample was then immersed in 30 mL of the above solution for 10 days. ③ A solution of 0.5 mol/L NH4Fe(SO4)2 was prepared, and the flake sample was then immersed in 30 mL of the above solution for 10 days. ④ The flake sample was immersed in 30 mL of the used solution of (②) for 10 days. ⑤ A solution of 0.25 mol/L Fe2(SO4)3 + saturated FeSO4 was prepared, and the flake sample was then immersed in 30 mL of the above solution for 10 days. ⑥ A solution of 5 mol/L AgNO3 was prepared, and the flake sample was then immersed in 30 mL of the above solution for 10 days. ⑦ A solution of 0.5 mol/L Fe(NO3)3 was prepared, and the flake sample was then immersed in 30 mL of the above solution for 3 days. ⑧ A solution of 0.5 mol/L Fe(NO3)3 + 0.5 mol/L AgNO3 was prepared, and the flake sample was then immersed in 30 mL of the above solution for 3 days.
The 2nd stage. Solutions of 0.1 mol/L Fe(NO3)3 + 0.1 mol/L AgNO3, 0.1 mol/L Fe(NO3)3 + 0.4 mol/L AgNO3, 0.1 mol/L Fe(NO3)3 + 1.0 mol/L AgNO3, 0.25 mol/L Fe(NO3)3 + 0.5 mol/L AgNO3 and 0.25 mol/L Fe(NO3)3 + 1.0 mol/L AgNO3 were prepared. The flake samples were separately immersed in 30 mL of the above solutions for 3 days. (The as-prepared samples were cut into 10 mm × 8 mm × 0.5 mm flakes in the 1st stage and 2nd stage.)
The 3rd stage. Solutions of 0.1 mol/L Fe(NO3)3 + 1.0 mol/L AgNO3 were prepared. The flake samples (80 mm × 8 mm × 0.5 mm) were separately immersed in 50 mL of the above solutions for 27 days.
Different aging schemes were performed independently and simultaneously, and all the accelerated aging tests were carried out in a laboratory environment at normal pressure and temperature (NPT).
Thermal treatments of flake samples with intergranular corrosion
The immersed flake samples in the 3rd stage further underwent thermal treatments in air by an SX-G04133 muffle furnace. Every three parallel flake samples were annealed at 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 800, 850, 900 and 950 °C respectively for 15 min. The three-point bending tests and microhardness tests were then performed on the annealed flake samples.
The embedding of samples
The flake samples prepared for taking metallographic images, SEM–EDS tests and microhardness tests were embedded in epoxy resin and finally polished by using water-soluble polishing paste by a PG-1A Metallographic Sample Polishing Machine.
Results and discussion
Preparation of the simulated Ag–Cu alloy flake samples
To study the effect of thermal treatments on brittle archaeological silver artifacts, we need to prepare simulated Ag–Cu alloy flake samples with intergranular corrosion. In our former work [10], we studied the composition and microstructure of a brittle archaeological silver artifact unearthed from Guizhou Province, China, and found intracrystalline red-brown particles with high Cu and O contents in the dark field, which can be considered key evidence of whether the simulated samples we prepared conform to the similar microstructure of archaeological silver artifacts [37].
In this paper, Ag 94%-Cu 6% alloy flake samples were prepared, and microstructures similar to those of archaeological silver artifacts were obtained by optimized thermal treatments (860 °C for 15 min and then 200 °C for 2 h in vacuum quartz tubes, Additional file 1: Fig. S2a). Annealing at 860 °C can not only enable us to obtain samples with the β phase but can also prevent them from undergoing deformation due to excessive thermal treatments (Additional file 1: Fig. S2b), which may affect the results of subsequent mechanical tests. In addition, keeping the samples in vacuum quartz tubes can prevent oxidation during annealing (Additional file 1: Fig. S2c). Figure 2a is a sectional metallographic image of the Ag–Cu alloy flake sample we obtained by thermal treatments. Orange grain boundaries and intracrystalline particles are quite visible. EDS mapping analysis shows that the composition of the region in the red box is Ag 92.07%-Cu 7.93%, whose Cu is slightly higher than the sample charge ratio. The elemental distribution (Fig. 2a, upper right) shows that Ag is mainly distributed in the α matrix, while Cu is mainly distributed in the grain boundary and the particles (β). The EDS spot analysis also confirms the results above (Additional file 1: Fig. S3, spot 1: Ag 93.36%-Cu 6.64%, spot 2: Ag 94.95%-Cu 5.05%, spot 3: Ag 78.35%-Cu 21.65%, spot 4: Ag 58.19%-Cu 41.81%). These results demonstrated that the microstructures of the prepared Ag–Cu alloy flake samples were consistent with those of the archaeological silver artifacts with uncorroded β phase.[image: ]
Fig. 2Simulated Ag–Cu alloy samples before/after accelerated aging. a Microstructure of the original simulated Ag–Cu alloy samples, the region of EDS mapping analysis (red box), the elemental distribution (upper right), and the position of EDS spot analysis (spots 1–4). b Microstructure of the corroded simulated Ag–Cu alloy samples (the phenomenon of intergranular corrosion is obvious)


Accelerated aging of the simulated Ag–Cu alloy flake samples
To obtain simulated Ag–Cu alloy flake samples with intergranular corrosion, accelerated aging is necessary. Different schemes were adopted to accelerate the aging of the samples respectively, and the results are as follows (detailed schemed are described in 2.4).
The 1st stage. ① Judging from the external metallographic image of the aged sample, the reaction system has good selectivity for intergranular corrosion, but from the sectional metallographic image, corrosion has not yet occurred inside the sample (Additional file 1: Fig. S4). ② ③ Fe3+ can significantly accelerate corrosion, but due to the presence of SO42−, the potential of silver is reduced [10], resulting in more loss of the α phase. In addition, NH4+ has no effect on the corrosion phenomenon (Additional file 1: Fig. S5, S6). ④ ⑤ The reduction of the Fe3+/Fe2+ ratio can make the intergranular corrosion more significant, but there is still much loss of the α phase (Additional file 1: Fig. S7, S8). ⑥ Ag+ has good selectivity for intergranular corrosion. However, due to the precipitation of Ag produced during this process, which hinders the subsequent reaction, there is no corrosion inside the sample (Additional file 1: Fig. S9). ⑦ The oxidizing ability of Fe(NO3)3 is too strong, and the sample has been completely dissolved. ⑧ Due to the presence of Ag+, the potential of silver is increased, resulting in less loss of the α phase and better selectivity for intergranular corrosion (Additional file 1: Fig. S10).
On the basis of the above primary survey of oxidizing reagents, the Fe(NO3)3-AgNO3 system exhibited more desirable control over intergranular corrosion. Therefore, different ratios of Ag+/Fe3+ were adjusted to improve the results of the accelerated aging process.
The 2nd stage. Solutions of different Fe(NO3)3-AgNO3 ratios were prepared in this stage. Judging from the acquired sectional metallographic images (Additional file 1: Fig. S11–S15), it can be summarized that by reducing the concentration of Fe3+ or increasing the ratio of Ag+/Fe3+, the loss of the α phase can be effectively controlled, and the aging process of intergranular corrosion can be well enhanced. Considering the duration of accelerated aging and the cost of this part, we finally chose a solution of 0.1 mol/L Fe(NO3)3 + 1.0 mol/L AgNO3 as the accelerated aging reagent.
The 3rd stage. During the accelerated aging process, the changes in the microstructure of the samples can be clearly observed (Additional file 1: Fig. S16). After 27 days of accelerated aging, simulated Ag–Cu alloy flake samples of intergranular corrosion were obtained (Scorr). The metallographic image in Fig. 2b shows that the β phase of Scorr has been completely corroded, and the phenomenon of intergranular corrosion is obvious, which is similar to the unearthed archaeological silver artifacts. EDS mapping analysis shows that the composition of Scorr is Ag 95.10%-Cu 4.90%, whose content of Cu has decreased by approximately 1% compared to the original flake samples (Sno corr). The ICP-AES results show that c(Cu2+) of the solutions after the accelerated aging process is 0.583 g/L (equivalent to 0.029 g, standard deviation 0.003 g/L), which is consistent with the mass loss of Cu in the EDS results calculated.
Effect of thermal treatments on corroded flake samples
In this section, we highlight the effect of thermal treatments on the simulated Ag–Cu alloy flake samples with intergranular corrosion. Every three parallel flake samples were annealed at 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 800, 850, 900 and 950 °C respectively (labelled as S200, S250, S300, etc.) for 15 min. Except for S950 melting due to high temperature, the others were in good shape after annealing.
Three-point bending tests were carried out to characterize the mechanical strength of the flake samples we obtained (Additional file 1: Fig. S17–S33). The maximum load that the sensor can support is 50 N (Psensor), and the load span (l) is 36 mm. The width (b) of the samples is 8 mm, and the thickness (h) of the sample is 0.5 mm. A constant-speed downpressing mode was chosen during the tests (speed = 10 mm/min). When the instantaneous load reached 1% of Psensor, the data began to be recorded, and when the instantaneous load (P) attenuated 30% of the maximum instantaneous load (Pmax) or the indenter displacement (x) reached 12 mm, the tests stopped. Finally, the load–displacement curves (P-x) of the samples were obtained (Fig. 3a–c).[image: ]
Fig. 3Load–displacement curves (P-x) of the samples obtained by three-point bending tests (black dotted lines: no corr-Sno corr, the original simulated Ag–Cu alloy samples; corr-Scorr, the corroded simulated Ag–Cu alloy samples). a S200–S500. b S450–S750. c S800–S900, Sno air 850 (corroded samples annealed at 850 °C for 15 min in vacuum quartz tubes), and Sno corr 850 (uncorroded samples annealed at 850 °C for 15 min in air)


Judging from the P-x curves, the mechanical strength of Scorr is significantly lower than that of Sno corr within expectations, and different thermal treatments restored the mechanical strength of Scorr to varying degrees. When the temperature of thermal treatments (T) was lower than 800 °C, some samples in each group had different degrees of fracture (Fig. 3a, b, P attenuated 30% of Pmax). In contrast, when the temperature was higher than or equal to 800 °C, none of the samples fractured (Fig. 3c, x reached 12 mm).
Furthermore, when 200 ℃ < T ≤ 500 ℃, the mechanical strength of the samples increased as T increased (Fig. 3a), and when 500 °C ≤ T < 800 °C, the mechanical strength decreased as T increased (Fig. 3b). It is worth noting that the mechanical strength of S800 is significantly higher than that of S750. However, when 800 ℃ ≤ T ≤ 900 °C, the mechanical strength decreased as T increased (Fig. 3c).
To observe the effect of thermal treatment temperature on the mechanical strength of the corroded flake samples more intuitively, the maximum bending strength (σbb) and elastic modulus (Eb) of the samples were calculated based on the results of the three-point bending tests (Additional file 1: Tables S1–S17) with the help of MATLAB (Additional file 1: Table S18). The equations are as follows [25, 26].[image: $${\sigma }_{bb}=\frac{3{P}_{\mathrm{max}}\times l}{2b{h}^{2}}$$]



[image: $${E}_{b}=\frac{{l}^{3}}{4b{h}^{3}}\times \left(\frac{\Delta P}{\Delta f}\right)$$]



where f is the deflection and [image: $$\frac{\Delta P}{\Delta f}$$] is the slope of the P-f curve. When the deformation of the samples is not too large (x ≤ 0.3 mm in this study), we consider f = x to simplify the model. Other physical quantities have been explained above. The calculation results of σbb (light red) and Eb (light blue) are shown in the histogram in Fig. 4, and the conclusions obtained from them are almost the same as the P-x curve.[image: ]
Fig. 4Mechanical strength of the samples (σbb, Eb, and HV) calculated by MATLAB. Sno corr, Scorr, S200–S900 (light red, blue, and green), Sno air 850 (dark red, blue, and green, right side of this figure), and Sno corr 850 (dark red, blue, and green, left side of this figure)


In addition to the three-point bending tests, microhardness tests were also carried out to characterize the mechanical strength of the annealed samples. A constant-load downpressing mode was chosen during the tests (indenter load F = 10 N, contact time t = 10 s). After the test, a diamond-shaped indentation was left on the surface of the sample (Additional file 1: Fig. S34). The Vickers hardness (HV) of the sample was calculated based on measuring the length of the two diagonal lines (d1 and d2) of the diamond-shaped indentation (Additional file 1: Tables S1-S17). The equation for calculating HV is as follows [32–34].[image: $$HV=0.102\frac{F}{\frac{{d}_{1}{d}_{2}}{2\mathrm{sin}\frac{\theta }{2}}}=0.1891\frac{F}{{d}_{1}{d}_{2}}$$]




The calculation results of HV (light green) are shown in the histogram in Fig. 4, and the change trend is nearly the same (S200 < S250 < … < S500, S500 > S550 > … > S750, and S750 < S800 > S850 > S900).
Mechanism of the mechanical strength changes
The metallographic images show that the effect of thermal treatments on the microstructure of the corroded flake samples are mainly in the following three aspects (Additional file 1: Fig. S35).
Effect ①. The α grains grew slowly (Additional file 1: Fig. S35a-c, the morphology of the intergranular cracks became smooth), and correspondingly, the mechanical strength of the samples increased. This process occurs when the temperature reaches 200 °C.
Effect ②. Recrystallization occurred, the intergranular cracks were healed, and the mechanical strength of the samples increased. When the temperature rose to 800 °C and above, the intergranular cracks in the core of the samples were completely healed (Additional file 1: Fig. S35m-o). This may explain why the samples of the three-point bending tests were fractured when the thermal treatment temperature was less than or equal to 750 °C and the significant increase in the mechanical strength of S800 compared to that of S750.
Effect ③. The matrix of the samples underwent oxidation during recrystallization, which mainly manifested in two ways in the microstructure due to the difference in the temperature of the thermal treatment and the efficiency of recrystallization. For the sake of discussion, the analysis will be divided into two intervals, T ≥ 800 °C and T < 800 °C, in the following. When the temperature was higher than or equal to 800 °C, the metal atoms Ag and Cu at the matrix-air interface (solid–gas interface) underwent a relatively rapid oxidation reaction with O2, and the oxidation products moved and diffused to the inner part of the matrix with the highly efficient recrystallization process. At this time, a large number of gray-black particles can be observed in the grain boundaries or inside the α grains (Fig. 5a, bottom right).[image: ]
Fig. 5Oxidation reaction during recrystallization. a Mechanism of the oxidation reaction. Highly efficient recrystallization (bottom right): the intergranular cracks in the core of the samples are completely healed, and the products of the oxidation are distributed in the grain boundaries or inside the α grains in the form of gray-black particles. Low efficient recrystallization (bottom left): the intergranular cracks are slightly healed, and the oxidation products are only distributed in a limited range (dark area, orange in the schematics) due to the lower efficiency of recrystallization and diffusion. b Microstructure of S850, the region of EDS mapping analysis (red box), and the elemental distribution (under b). c Microstructure of S850 (red box in b, partially enlarged view) and the position of EDS spot analysis (spots 1–6). d Microstructure of S550, the position of EDS spot analysis (spots 1–8), and the microhardness indentations of the light/dark area (partial enlarged view)


Taking S850 as an example (Fig. 5b), EDS mapping analysis shows that the composition of the region in the red box is Ag 88.50%-Cu 7.61%-O 3.89%. It can be found in the elemental distribution that Ag is mainly distributed in the α matrix, while Cu and O are distributed in the gray-black particles. The spot analysis (Fig. 5c) shows that the Cu content in the particles is much higher than that in the corroded Ag–Cu alloy flake samples (Fig. 2b, 4.90%), which indicates that more Cu in the Ag–Cu alloy solid solution was precipitated in the form of oxides (AgxCuyOz) during thermal treatments. Thus, due to the decrease in the Cu content in the Ag–Cu alloy solid solution, the mechanical strength of the samples decreased (Additional file 1: Fig. S36, spot 1: Ag 98.54%-Cu 1.07%-O 0.39%, spot 2: Ag 96.25%-Cu 2.22%-O 1.53%, spot 3: Ag 97.77%-Cu 1.10%-O 1.11%, spot 4: Ag 49.04%-Cu 38.34%-O 12.62%, spot 5: Ag 41.89%-Cu 43.02%-O 15.09%, spot 6: Ag 60.56%-Cu 28.14%-O 11.29%). The differences in mechanical strength between S850 and Sno air 850 (corroded samples annealed at 850 °C for 15 min in vacuum quartz tubes) and between Sno corr and Sno corr 850 (uncorroded samples annealed at 850 ℃ for 15 min in air) support the viewpoint above (Figs. 3c, 4).
Furthermore, when the temperature was lower than 800 ℃, due to the lower efficiency of the oxidation reaction and recrystallization, the oxidation products could only be distributed in a limited range (Fig. 5a, bottom left, the dark area observed in the metallographic images, which can be regarded as evidence of recrystallization) close to the gas–solid interface (sample surface and intergranular cracks).
Taking S550 as an example (Fig. 5d), the spot analysis shows that the O content in the dark area is higher than that in the light area, which indicates that more Cu was oxidized so that there was less Cu in the Ag–Cu alloy solid solution in the dark area (Additional file 1: Fig. S37, spot 1: O 0.66%, spot 2: O 0.07%, spot 3: O 0.61%, spot 4: O 0.76%, spot 5: O 1.81%, spot 6: O 2.37%, spot 7: O 2.71%, spot 8: O 1.72%). The results of microhardness tests (F = 2 N, t = 10 s) support our viewpoint (light area: d1 = 67.40 μm, d2 = 66.92 μm, HV = 82.13 MPa; dark area: d1 = 69.60 μm, d2 = 74.28 μm, HV = 71.55 MPa).
In summary, there are three kinds of effects caused by thermal treatments on the microstructure of the samples. As the temperature rises, effect ① and effect ② can increase the mechanical strength of the samples, while effect ③ decreases it. The reason for the change trend of σbb, Eb, and HV is presented in Table 1.Table 1Three kinds of effects caused by thermal treatments and together affecting the microstructure and the mechanical strength (σbb, Eb, and HV) of the samples (effect ①: grain growth, effect ②: recrystallization, effect ③: oxidation reactions)


	Temperature (°C)
	Recrystallization
	Existential effect
	Dominant effect
	Trend of mechanical strength (σbb/Eb/HV)
	Maximum value produced

	200–350
	–
	①
	①
	↑
	–

	350–500
	Low efficient
	①②③
	①②
	↑
	S500

	500–750
	Low efficient
	①②③
	③
	↓

	750–800
	Highly efficient
	①②③
	②
	↑
	S800

	800–900
	Highly efficient
	①②③
	③
	↓


The combination of the three effects causes overall changes in the mechanical strength of the samples and produces maximum values of S500 and S800



Thermal treatments in the absence of O2
                        
Considering that thermal treatments in air will cause the oxidation reaction, which will reduce the mechanical strength and lead to a significant change in the microstructure of the samples, we tried to anneal the corroded Ag–Cu alloy flake samples under anaerobic conditions. As mentioned above, the mechanical strength of the samples kept in vacuum quartz tubes and annealed at 850 °C for 15 min (Sno air 850) is better than those samples directly annealed in air (S850). At the same time, the metallographic images show that there are no gray-black particles in the grain boundaries or inside the α grains (Fig. 6a), which is suitable for the conservation of archaeological silver artifacts. The only shortcoming is that the secondary β phase was found in the microstructure of the samples annealed in this way (Fig. 6b, EDS mapping analysis: Ag 95.18%%-Cu 4.82%-O 0.00%. Additional file 1: Fig. S38, spot 1: Ag 97.62%-Cu 2.38%, spot 2: Ag 96.52%-Cu 3.48%, spot 3: Ag 92.23%-Cu 7.77%, spot 4: Ag 91.61%-Cu 8.39%, spot 5: Ag 93.17%-Cu 6.83%, spot 6: Ag 89.24%-Cu 10.76%), which may lead to an increase in the sensitivity of intergranular corrosion. However, due to the subsequent corrosion inhibition, seal protection and relatively stable storage environment provided to the restored archaeological silver artifacts, the secondary β phase might have no actual impact on the conservation of the archaeological silver artifacts. Therefore, thermal treatments in an oxygen-free environment (vacuum quartz tubes, tube furnace, reducing atmosphere, etc.) should be a good choice.[image: ]
Fig. 6Metallographs of samples after thermal treatments in the absence of O2. a Microstructure of Sno air 850 and the region of EDS mapping analysis (red box). b Microstructure of Sno air 850 (red box in a, partially enlarged view), the position of EDS spot analysis (spots 1–6), and the secondary β phase (red arrow) obtained through the thermal treatments in the oxygen-free environment


Experiment on the optimal conditions of thermal treatments
To ascertain the most suitable temperature and time of thermal treatments for the brittle archaeological silver artifacts, a series of comprehensive thermal treatments were carried out. The accelerated aging Ag–Cu alloy flake samples we prepared were cut into 20 mm × 8 mm × 0.5 mm pieces and annealed at different temperatures for different durations (to simplify the experiments, the samples were directly annealed in air). We use simple bending experiments (Additional file 1: Fig. S39) to verify whether the annealed samples meet the requirements for shaping during restoration (Fig. 7a). Among them, “◐” means that the annealed samples can withstand one bend without breaking, “●” means two, and “○” means the samples break without being able to withstand one bend. Figure 7a shows that changes in temperature have a huge impact on the efficiency of recrystallization. A decrease in temperature by 100 ℃ may increase the time required to restore the mechanical performance of the brittle archaeological silver artifacts.[image: ]
Fig. 7The optimal conditions for thermal treatments. a Results of simple bending tests after comprehensive thermal treatments were carried out (○: the samples break without being able to withstand one bend, ◐: the annealed samples can withstand one bend without breaking, ●: the annealed samples can withstand two bends without breaking). b Temperature–time map (T-t) summarized through the results of the simple bending tests


On this basis, the temperature–time map (T-t) of thermal treatments for the brittle archaeological silver artifacts is summarized in Fig. 7b. When the temperature is lower than T0 (T0 is approximately 350 °C), no recrystallization occurs. In this case, no matter how long the thermal treatment is, the samples cannot recover good bending resistance (Null Zone). In addition, when the temperature is between T0 and T1 (T1 is approximately 500 °C), recrystallization occurs. However, restoring the bending resistance takes too long (more than 48 h, Long Time Zone). In addition, when the temperature is between T2 and T3 (T2 is approximately 800 °C, T3 is between 900 °C and 950 °C), highly efficient recrystallization occurs. At this time, several hours or even minutes of thermal treatment can restore the performance of the samples (Highly Efficiency Zone). Finally, when the temperature is higher than T3, the samples may deform or even melt due to excessively high temperature (Danger Zone). In summary, the most suitable temperature of thermal treatments is between T1 and T3, and the annealing time needed to restore the bending resistance of the samples is less than 48 h. Caution must be taken that the conclusions drawn here are a general guidance established upon the corroded Ag 94%-Cu 6% alloy. Changes in the specific critical temperatures should be adjusted with reference to specific compositions of the silver artifacts.
Conclusion
In this study, we obtained Ag–Cu alloy flake samples with intergranular corrosion similar to that of brittle archaeological silver artifacts through two-step annealing and accelerated aging in Fe(NO3)3 + AgNO3 solution. Subsequently, SEM–EDS, metallographic observation, three-point bending tests, and microhardness tests were carried out to study the changes in the microstructures and mechanical strength (σbb, Eb, and HV) of the samples after thermal treatments at different temperatures and the mechanism of the above changes. Grain growth, recrystallization and oxidation reactions are considered to be the main factors affecting the mechanical strength of the samples during the thermal treatments. Among them, the first two increase the mechanical strength, and the latter decrease the mechanical strength. The combined effect of the three causes the overall changes in the mechanical strength of the samples (and produces the maximum values S500/S800). In addition, the recovery of the bending resistance depends on the recrystallization efficiency (temperature) and the time of thermal treatments. The T-t map was summarized, and the most suitable temperature range for the thermal treatments was confirmed through a series of comprehensive thermal treatments. Finally, considering the irreversible effects of the oxidation reaction on the microstructures and mechanical strength of the samples, thermal treatments in the absence of O2 were recommended.
Prior to this study, due to the lack of methods to prepare simulated Ag–Cu alloy flake samples with intergranular corrosion, no one has studied the effect of thermal treatments on brittle archaeological silver artifacts in a systematic and quantitative way. Our work provides an important reference for the restoration and conservation of brittle archaeological silver artifacts. In the future, we will also combine micro-area electrochemical analysis methods (e.g., SECM, SECCM, etc.) to screen corrosion inhibitors and sealing materials for silver-copper alloy samples with β phase to cope with the corrosion of secondary β phase that may precipitate in the matrix of brittle silver artifacts after thermal treatment in the absence of O2, so that the artifacts can be preserved in a long-term and stable manner.
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